Introduction {#S1}
============

With social and economic development, soil heavy metal pollution has produced a series of problems in China ([@B30]). Anthropogenic activities such as mining and smelting are the primary sources of soil heavy metal pollution ([@B54]). Lead (Pb), a toxic element in plants, enters the soil mainly through lead-zinc mining ([@B53]). More than 800,000 tons of Pb have been released into the environment globally, and most Pb has accumulated in the soil environment, where it negatively affects plant growth and development ([@B54]).

Melatonin, *N*-acetyl-5-methoxytryptamine, was first isolated and identified from the bovine pineal gland ([@B27]). Melatonin is a tryptophan-derived molecule that acts as an antioxidant under abiotic stress ([@B10]). In 1995, melatonin was detected in the edible plants tomato and banana, which suggests that melatonin is ubiquitous in plants ([@B15]). A recent study identified melatonin receptor 1 in *Arabidopsis thaliana*, serving as strong evidence that melatonin might be a new growth regulator in plants involved in plant growth and stress tolerance ([@B52]; [@B4]). Melatonin synthesis in plants is primarily divided into two steps that involve four enzymes, tryptophan decarboxylase (TDC), tryptamine 5-hydroxylase (T5H), serotonin *N*-acetyltransferase (SNAT), and acetylserotonin methyltransferase (ASMT) ([@B6]; [@B26]). The first step of melatonin synthesis in plants is the transformation of tryptophan to serotonin through TDC and T5H activity. The second step of melatonin synthesis is the transformation of serotonin to melatonin through SNAT and ASMT ([@B6]). ASMT, a terminal enzyme in melatonin synthesis, is the rate-limiting step during melatonin synthesis ([@B43]). Exogenous melatonin application increases plant survival under conditions of heavy metal toxicity through improving antioxidant capacity and enhancing the levels of protective molecules ([@B29]; [@B17]). Heavy metal-stressed plants regulate the expression of melatonin synthesis-related genes, such as *OsASMT* ([@B12]), to enhance heavy metal tolerance. Therefore, melatonin-rich plants or plants to which melatonin has been exogenously applied have a higher potential for the improvement of plant growth and stress tolerance ([@B48]; [@B49]).

Arbuscular mycorrhizal (AM) symbiosis is a mutualistic endosymbiosis between AM fungi and terrestrial plants ([@B20]). AM fungi are abundant in heavy metal-contaminated areas, such as areas of lead-zinc mining ([@B55]). MtPT4 is the low-affinity phosphate (Pi) transporter in *Medicago truncatula* located in arbuscule-colonized cells that are specifically induced in mycorrhizal roots ([@B20]). The expression of *MtPT4* is used to determine the symbiotic state of the colonized root system ([@B19]). AM fungi were shown to improve stress tolerance by stimulating the synthesis of the endogenous growth regulator jasmonate ([@B45]) and strigolactone ([@B5]). However, how mycorrhizal plants regulate melatonin synthesis under heavy metal stress is unclear. Whether the simultaneous application of AM fungi and melatonin to a host plant improves its AM symbiosis, growth conditions, and heavy metal tolerance is unknown.

We hypothesized that AM inoculation enhances melatonin accumulation under Pb stress and that the application of melatonin would promote AM plant growth and Pb tolerance. Therefore, the purpose of this study was to determine the effect of melatonin application on AM symbiosis, growth, and Pb tolerance through evaluating AM colonization, Pb levels, the antioxidant response, and proline accumulation. Moreover, the difference of melatonin accumulation between mycorrhizal and non-mycorrhizal (NM) plants under Pb stress was determined to evaluate the effect of AM inoculation on melatonin production. This study provides a new evidence for the role of melatonin in AM plants.

Materials and Methods {#S2}
=====================

Plant Material, AM Fungal Inoculum, and Substrates {#S2.SS1}
--------------------------------------------------

Seeds of *M. truncatula* (Jemalong A17) were kindly provided by Prof. Philipp Franken (Plant Physiology Department, Humboldt University of Berlin). Seeds were sterilized by concentrated sulfuric acid for 10 min and washed by sterile water 10 times. Sterilized seeds were placed in Petri dishes with 0.8% water agar at 4°C in the dark for 2 days, then at 26°C in the dark for 1 day, and finally at 26°C in the light (3000 lx) for 1 day. Uniformed seedlings were transplanted into the pot (10 cm diameter, 12 cm height), which contained 0.45 kg mixed substrates (sand: soil = 1:1). The sand was sieved through a 2-mm soil sieve and then washed with tap water until the supernatant was clear. After drying, the sand was sterilized in the oven at 170°C for 3 h. The soil was collected from the nursery garden of Northwest A&F University. The soil was sieved through a 2-mm soil sieve. The soil (loam, pH 8.2) contained 4.12 g kg^--1^ organic matter, 14.05 mg kg^--1^ Olsen phosphorus, 24.81 mg kg^--1^ available nitrogen, and 55.14 mg kg^--1^ rapidly available potassium. Soils were sterilized in the autoclave at 121°C for 2 h. The AM inoculum of *Rhizophagus irregularis* (Bank of Glomales in China, No. BGC BJ09) consisted of the sandy substrate that contained spores (approximately 21 spores per gram), mycelia, and colonized root fragments. Each AM treatment was inoculation with 20 g of inoculum. Each NM treatment was inoculation with 20 g of sterilized inoculum (3 h in an oven at 170°C). The inoculum was provided by Beijing Academy of Agriculture and Forestry Sciences (Beijing, China).

Experimental Design {#S2.SS2}
-------------------

Experiment 1 was performed as a two-factorial experiment using two Pb levels (0 and 800 mg kg^--1^ substrate) and two AM fungi treatment conditions (with and without AM fungi inoculation). Each pot contained one *M. truncatula* seedlings and 450 g of sterilized sand and soil (1:1 v:v). Each pot added 20 g of sterilized (NM treatment) or unsterilized inoculum (AM treatment). Therefore, each pot contained 470 g of substance. Each treatment consisted of four biological replicates, and each biological replicate consisted of four pots of seedlings. Fifty milliliters of a Pb solution (7.52 g L^--1^) was added to Pb-treated seedlings once after the seedlings had been cultivated for 2 weeks. A Pb stock solution was prepared with Pb(NO~3~)~2~. The NO~3~^--^ concentrations among all treatments were normalized by using the NO~3~^--^ salt of the relevant compound (4:1:1 HNO~3~:KNO~3~: NaNO~3~) to eliminate the effects of NO~3~^--^ from Pb(NO~3~)~2~ following the method of [@B51]. Plants treated with Pb suffered Pb stress for 12 weeks.

Experiment 2 was performed as a three-factorial experiment using two Pb levels (0 and 800 mg kg^--1^ substrate), two AM fungi treatment conditions (with and without AM fungi inoculation), and two melatonin treatment conditions (with and without exogenous melatonin application). Each pot contained one *M. truncatula* seedling and 450 g of sterilized sand and soil (1:1 v:v). Each treatment consisted of four biological replicates, and each biological replicate consisted of three pots of seedlings. Pb treatment is the same as experiment 1. Plants treated with Pb suffered Pb stress for 12 weeks. One hundred milliliters of a melatonin solution (10 μM melatonin) was added to the culture substance of melatonin-treated seedlings at 12 weeks post-colonization following the method of [@B2]. Melatonin treatment lasted for 2 weeks. To plants not treated with melatonin, 100 ml of ddH~2~O was applied.

Twenty milliliters of modified Hoagland's nutrient solution \[5 mM Ca(NO~3~)~2~, 5 mM KNO~3~, 2 mM MgSO~4~, 0.2 mM KH~2~PHO~4~, 46 μM H~3~BO~3~, 9 μM MnCl~2~, 0.8 μM ZnSO~4~, 0.3 μM CuSO~4~, 0.1 μM H~2~MoO~4~, and 18 μM FeNaEDTA\] was added to each treatment of both experiment 1 and experiment 2 once a week. All *M. truncatula* seedlings were grown in the greenhouse with 28°C/24°C day/night temperature under 16 h daylight and 40--60% humidity. Water was supplied every day throughout plant growth to maintain soil moisture.

Plant Sampling and Biomass Measurement {#S2.SS3}
--------------------------------------

The seedlings from each treatment group (experiment 1 and experiment 2) were harvested 14 weeks post-colonization. The shoots were cut, and the roots were separated. Fresh shoot and root biomass were weighed. Parts of the roots were used to assess the effect of AM colonization. Parts of the samples were dried for Pb measurement. The remaining parts of the samples were ground to a powder using liquid nitrogen and stored at −80°C for further analysis.

AM Colonization {#S2.SS4}
---------------

The root samples were stained with trypan blue (0.12%) and assessed using the method of [@B18]. Decolorized root segments were placed parallel to the long axis of a slide and then covered with a transparent coverslip. Five slides were prepared for each sample. Another coverslip with a vertical line was placed over the transparent coverslip. All intersections between roots and the vertical line were counted. AM colonization was calculated as follows: (count number of hyphae, vesicles, and arbuscules)/total counted number.

Melatonin Determination {#S2.SS5}
-----------------------

Melatonin was extracted using an acetone--methanol method ([@B42]). The powdered samples (0.1 g) were extracted in 5 ml of an extraction mixture (acetone:methanol:water = 89:10:1) in the dark, and trichloroacetic acid was used to precipitate protein. The extracts were centrifuged (12,000 × *g*, 4°C) for 15 min, and then the supernatants were used for measurements. A plant melatonin ELISA kit was used to evaluate the melatonin content following the manufacturer's instructions (Shanghai Jiwei Biological Technology Co., Ltd., China).

RNA Isolation and Quantitative Real-Time PCR (qRT-PCR) Analysis {#S2.SS6}
---------------------------------------------------------------

The powered root samples were used for total RNA extraction by E.Z.N.ATM plant RNA kit (Omega Bio-Tek, Norcross, GA, United States). Each treatment consists of four biological replicates. The RNA quality of each sample was evaluated by 1% agarose gels stained with DuRed. RNA concentrations were determined by NanoDrop 2000 (Thermo Fisher Scientific, Pittsburgh, PA, United States). First-strand cDNA synthesis was obtained from 2 μg of total RNA using the PrimerScript^®^ First-strand cDNA Synthesis Kit (TaKaRa Bio, Dalian, China). Gene-specific primers for four melatonin synthesis genes, *MtPT4*, and *MtP5CS* were designed as described in [Supplementary Table S1](#TS1){ref-type="supplementary-material"}. The *M. truncatula* elongation factor 1-alpha gene (*MtEF-1*α, DQ282611.1) was used as an internal control ([@B21]; [@B57]). qRT-PCR was performed based on SYBR Green PCR and MIQE guidelines. CF96X Real-time PCR system (Bio-Rad, Hercules, CA, United States) was used to perform the qPCR experiments. The reaction volume was 20 μl containing 0.5 μl each gene-specific primer (10 μM), 2.0 μl of cDNA, 7 μl RNase-free H~2~O, and 10 μl SYBR Green PCR master mix (Roche Diagnostics, Basel, Switzerland). qPCR was performed under the following thermal cycles: 10 min at 95°C and 40 cycles of denaturation at 95°C for 15 s, annealing at 55°C for 15 s, extension at 72°C for 20 s, followed by heating from 60 to 95°C at a rate of 0.5°C per 10 s. The specificity of the primer pairs was indicated by the melting curve. The amplification efficiency of each primer pair was measured by the method of the standard curve.

Measurement of the Pb Content {#S2.SS7}
-----------------------------

The dried root and leaf samples (0.05 g) were digested with 10 ml of HClO~4~ + HCl (4:1) at 300°C for 5 h. H~2~O~2~ was added after brown smoke was produced. The Pb content in the digested solution was determined by atomic absorption spectrometry (PinAAcle 500, United States) ([@B50]).

Measurement of the Malonaldehyde (MDA) Content {#S2.SS8}
----------------------------------------------

MDA was extracted in 1 ml of 5% trichloroacetic acid from 0.1 g of powdered sample and centrifuged (12,000 × *g*) for 20 min. Thiobarbital acid was added to supernatant and then heated in boiling water bath for 30 min and centrifuged (5,000 × *g*) for 10 min. Supernatant was measured for absorbance at 450 nm, 532 nm, and 600 nm. MDA content was calculated by the method of [@B25].

Measurement of Antioxidant Enzyme and P5C Reductase (P5CR) Activity {#S2.SS9}
-------------------------------------------------------------------

Powdered root samples were incubated with an enzyme extraction solution (50 mM potassium phosphate buffer, 1 mM EDTA, and 1% polyvinylpyrrolidone, 4°C) and centrifuged (14,000 × *g*) for 30 min at 4°C. The supernatant was used to determine the superoxide dismutase (SOD) and catalase (CAT) activity following the method of [@B9]. Ascorbate peroxidase (APX) activity was determined by the method of [@B40]. P5CR activity was determined by the method of [@B34].

Measurement of Proline and Flavone Content {#S2.SS10}
------------------------------------------

The powdered root samples were extracted in 3% sulfosalicylic acid and centrifuged (10,000 × *g*) for 15 min. The supernatant was used to determine the proline content by using the method of [@B7]. The powdered root samples were extracted in 80% methyl ethanol ([@B59]). Rutin was used as a standard to determine the total flavone contents. The absorbance at 510 nm was measured.

Statistical Analysis {#S2.SS11}
--------------------

Statistical analysis was performed using the SPSS 22.0 statistical program (SPSS Inc., Chicago, IL, United States). The data used for statistical analysis exhibited a normal distribution. The data in experiment 1 were analyzed using multifactor analysis of variance with two factors (AM fungi inoculation and Pb treatment) followed by Tukey HSD test when ANOVA indicated a significant difference. The data in experiment 2 were analyzed using multifactor analysis of variance with three factors (AM fungi inoculation, Pb treatment, and melatonin application) followed by Tukey HSD test when ANOVA indicated a significant difference. Correlation analysis was performed using Pearson's test (*P* \< 0.05).

Results {#S3}
=======

Melatonin Contents {#S3.SS1}
------------------

Arbuscular mycorrhizal inoculation did not affect the melatonin content in roots without Pb stress. With Pb stress, AM inoculation increased the melatonin content in the roots ([Figure 1](#F1){ref-type="fig"}). Pb stress largely increased the melatonin content in both AM and NM roots compared to the melatonin content of the AM and NM roots of unstressed plants. AM inoculation and Pb stress had a significant effect on the root melatonin content.

![The melatonin content of mycorrhizal roots under Pb stress. The data are the means ± standard deviation (*n* = 4). Different letters above the columns indicate significant difference among the means of melatonin content by Tukey HSD's test (*P* \< 0.05), respectively. AM = AM inoculation; Pb = lead stress; NM0 = non-AM inoculation in the absence of Pb treatment; NM800 = non-AM inoculation with 800 mg kg^--1^ Pb treatment; AM0 = AM inoculation in the absence of Pb treatment; AM800 = AM inoculation with 800 mg kg^--1^ Pb treatment. Significant effect of two-way ANOVA: \*\**P* \< 0.01; NS, not significant.](fmicb-11-00516-g001){#F1}

Expression of Melatonin Synthesis Genes {#S3.SS2}
---------------------------------------

Pb stress largely decreased (*P* \< 0.05) the relative expression of *MtT5H* and *MtTDC* in NM roots ([Figures 2A,B](#F2){ref-type="fig"}). AM inoculation decreased (*P* \< 0.05) the relative expression of *MtT5H* and *MtTDC* in the absence of Pb stress. In AM roots, Pb stress upregulated (*P* \< 0.05) the relative expression of *MtASMT* by 12-fold compared to the AM roots of unstressed plants ([Figure 2D](#F2){ref-type="fig"}). In the absence of Pb stress, the relative expression of *MtSNAT* and *MtASMT* was not influenced by AM inoculation. In the presence of Pb stress, AM inoculation upregulated (*P* \< 0.05) the relative expression of *MtASMT* by 2-fold but downregulated the relative expression of *MtSNAT* ([Figure 2C](#F2){ref-type="fig"}). The relative expression of *MtASMT* was positively correlated (*MtASMT*: *r* = 0.976, *P* \< 0.001) with melatonin content in the roots ([Supplementary Figure S1](#F1){ref-type="fig"}).

![**(A--D)** The relative expression of *MtTDC*, *MtT5H*, *MtSNAT* and *MtASMT* of AM roots under Pb stress. The data are the means ± standard deviation (*n* = 4). Different letters above the columns indicate significant difference among the means of melatonin synthesis-related genes expression by Tukey HSD's test (*P* \< 0.05), \**P* \< 0.05, \*\**P* \< 0.01; NS, not significant. The abbreviation is consistent with the above.](fmicb-11-00516-g002){#F2}

Biomass and AM Colonization {#S3.SS3}
---------------------------

Arbuscular mycorrhizal inoculation increased the shoot and root biomass of *M. truncatula* ([Figure 3A](#F3){ref-type="fig"}) compared with the shoot and root biomass of NM plants with and without Pb stress. Melatonin application dramatically increased the shoot and root biomass. Pb stress significantly decreased the biomass of leaves and roots compared to unstressed plants.

![**(A)** The fresh weight both in shoots and roots of AM plants under Pb stress and melatonin application. The data are the means ± standard deviation (*n* = 4). Significant difference between NM plants and AM plants were labeled followed by the effect of two-way ANOVA. CK-CK = absence of both Pb stress and melatonin application; CK-M = melatonin application without Pb stress; Pb-CK = Pb stress without melatonin application; Pb-M = presence of both Pb stress and melatonin application. **(B)** The relative expression of *MtPT4* of AM roots under Pb stress and melatonin application. **(C,D)** The Pb content of AM plants under Pb stress and melatonin application. The data are the means ± standard deviation (*n* = 4). Different letters above the columns indicate significant difference among the means by Tukey HSD's test (*P* \< 0.05). \*\**P* \< 0.01, \*\*\**P* \< 0.001; NS, not significant. N.D. = not detect. Mel = melatonin application. The abbreviation is consistent with the above.](fmicb-11-00516-g003){#F3}

The effect of AM colonization was positively enhanced by melatonin application with and without Pb stress ([Table 1](#T1){ref-type="table"}). AM plants to which melatonin was applied had the highest colonization of up to 92%. Pb stress decreased colonization with and without melatonin application.

###### 

The AM colonization of *M. truncatula* under Pb stress and melatonin application.

  Treatment                   Colonization (%)
  --------------------------- ------------------
  AM0                         83.70 ± 2.87b
  AM0M                        91.66 ± 2.01c
  AM800                       74.33 ± 4.61a
  AM800M                      82.46 ± 3.87b
  Significance of melatonin   \*\*
  Significance of Pb          \*\*\*

The data are the means ± standard deviation (n = 4). The abbreviation is consistent with the above. \*\*P \< 0.01, \*\*\*P \< 0.001.

The Transcription of *MtPT4* {#S3.SS4}
----------------------------

Arbuscular mycorrhizal inoculation largely increased (*P* \< 0.05) the transcription of *MtPT4* with and without Pb stress. The relative expression of *MtPT4* in AM roots was decreased (*P* \< 0.05) by Pb stress ([Figure 3B](#F3){ref-type="fig"}). Melatonin application has a positive effect (*P* \< 0.05) on *MtPT4* transcription under Pb stress.

The Pb Concentration {#S3.SS5}
--------------------

Melatonin application decreased the root Pb concentration with and without AM inoculation ([Figure 3D](#F3){ref-type="fig"}). With melatonin application, AM inoculation did not affect the Pb concentration in leaves and roots ([Figures 3C,D](#F3){ref-type="fig"}). Without melatonin application, AM inoculation did not affect the root and leaf Pb concentration.

Antioxidant Response {#S3.SS6}
--------------------

Pb stress significantly increased MDA content in roots compared to the roots of unstressed plants ([Figure 4A](#F4){ref-type="fig"}). AM inoculation significantly decreased the MDA content in the roots of plants under Pb stress. Melatonin application decreased the MDA content in AM and NM plants under Pb stress but did not affect MDA content without Pb stress.

![**(A--D)** The MDA contents, SOD activity, CAT activity, and APX activity of AM roots under Pb stress and melatonin application. The data are the means ± standard deviation (*n* = 4). Different letters above the columns indicate significant difference among the means of MDA content or antioxidant enzyme activity by Tukey HSD's test (*P* \< 0.05), *\*P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001; NS, not significant. The abbreviation is consistent with the above.](fmicb-11-00516-g004){#F4}

In roots, AM inoculation and melatonin application did not affect SOD activity in the absence of Pb stress ([Figure 4B](#F4){ref-type="fig"}). AM inoculation and melatonin application increased the SOD, CAT, and APX activities in roots under Pb stress ([Figures 4B--D](#F4){ref-type="fig"}). Pb stress increased the CAT activity in AM roots. AM roots under Pb stress to which melatonin was applied had the highest SOD, CAT, and APX activities among all treatments.

Proline Content and Synthesis {#S3.SS7}
-----------------------------

In roots, melatonin application increased the proline content and P5CR activity compared to plants not treated with melatonin ([Figures 5A,C](#F5){ref-type="fig"}). However, melatonin application did not affect the transcription of *MtP5CS* in AM roots ([Figure 5B](#F5){ref-type="fig"}). Melatonin application upregulated the expression of *MtP5CS* in NM roots with and without Pb stress. Without melatonin application, AM inoculation increased the proline content and P5CR activity. However, with melatonin application, NM roots had a higher proline content than AM roots with and without Pb stress. Pb stress increased the root proline content and P5CR activity.

![**(A--D)** The proline content, *MtP5CS* expression, P5CR activity, and total flavone content of AM roots under Pb stress and melatonin application. The data are the means ± standard deviation (*n* = 4). Different letters above the columns indicate significant difference among the means by Tukey HSD's test (*P* \< 0.05), \**P* \< 0.05, \*\**P* \< 0.01; NS, not significant. The abbreviation is consistent with the above.](fmicb-11-00516-g005){#F5}

Total Flavone Content {#S3.SS8}
---------------------

In NM plants, melatonin application increased the total flavone content with Pb stress ([Figure 5D](#F5){ref-type="fig"}). In AM plants under Pb stress, melatonin application increased the total flavone content. Pb stress and AM inoculation did not affect the root flavone content.

Discussion {#S4}
==========

Arbuscular Mycorrhizal Inoculation Enhanced Melatonin Synthesis Under Pb Stress {#S4.SS1}
-------------------------------------------------------------------------------

Melatonin helps plants cope with oxidative damage through plant signal transduction and play the role of an endogenous antioxidant ([@B35]; [@B58]). In this study, Pb stress stimulated the accumulation of melatonin in roots, indicating that Pb-stressed plants may increase their antioxidant capacity by increasing melatonin accumulation. Several abiotic stresses, such as high temperature ([@B11]) and chemical stress ([@B3]), increased melatonin content in plants, which also indicated that melatonin accumulation is a positive response to abiotic stress. AM inoculation promoted melatonin synthesis under Pb stress. This result suggested that AM plants can become melatonin-rich under Pb stress to cope with Pb toxicity. Endophytic bacteria from grapevine roots could produce melatonin in response to abiotic stress ([@B22]). [@B33] observed melatonin accumulation in *Trichoderma asperellum* fungus under stress, which indicated that microorganisms could participate in melatonin accumulation under abiotic stress. Therefore, Melatonin produced by AM fungi may contribute to melatonin accumulation in *M. truncatula* roots under Pb stress. In plants, the melatonin accumulation is dependent on the efficiency of the synthesis of melatonin from serotonin ([@B23]; [@B13]). In sunflower roots, salt stress increased the melatonin content by upregulating ASMT activity, revealing the positive effect of ASMT on melatonin synthesis ([@B38]). Correlation analysis revealed a significant positive correlation between the relative expression of *MtASMT* and melatonin content. [@B23] suggested that ASMT rather than SNAT is the rate-limiting enzyme in plant melatonin synthesis. Cd-stressed rice showed increased melatonin accumulation due to downregulated *SNAT* expression and upregulated *ASMT* expression ([@B12]). Therefore, AM inoculation may induce melatonin synthesis in roots by stimulating the expression of *MtASMT*. AM plants are more suitable to survive from Pb stress than NM plants due to better melatonin regulation.

Melatonin Application Improved AM Symbiosis by Decreasing Pb Accumulation {#S4.SS2}
-------------------------------------------------------------------------

When host plants are exposed to Pb-contaminated environments, the high level of Pb inhibits protein activity, alters membrane oxidation, and disturbs mineral nutrient uptake ([@B39]). In this study, both AM inoculation and melatonin application increased *M. truncatula* growth under Pb stress, which suggested that both AM inoculation and melatonin can improve Pb stress tolerance. The adverse effects of Pb toxicity are usually caused by the excessive uptake of Pb in host plants. Once Pb has fixed to root surface, Pb could penetrate the root system passively and follows the water conduction system ([@B44]). In watermelon seedlings, melatonin treatment enhances tolerance to vanadium stress by decreasing the vanadium content and stimulating the antioxidant response ([@B41]). In addition, melatonin application reduced cadmium uptake and mitigated cadmium toxicity in tomato plants ([@B29]). [@B17] suggested that reduced cadmium uptake may be caused by melatonin-modulated heavy metal transporters. Melatonin inhibited Pb uptake under Pb stress, which may alleviate Pb toxicity. Taken together, these results suggest that melatonin application improves AM plant growth by the inhibition of Pb absorption.

MtPT4 is a low-affinity phosphate (Pi) transporter in *M. truncatula* located in arbuscule-colonized cells ([@B20]). *MtPT4* expression is induced by AM symbiosis, and *MtPT4* is usually used to characterize the relationship between AM fungi and host plant ([@B20]; [@B18]). In this study, Pb stress decreased AM colonization and inhibited *MtPT4* expression, which suggests Pb accumulation in roots has a negative effect on AM fungal inoculation. In *Lycium barbarum*, AM inoculation can maintain the ability of phosphate transporters to cope with drought stress ([@B18]). In alfalfa, AM plants upregulated the expression of *MsPT4* and *MsMT2* to decrease arsenic uptake and increase phosphorus uptake ([@B28]). Melatonin-treated plants have lower Pb accumulation in root and lower Pb toxicity to the symbiosis structure. Therefore, melatonin-treated plants enhanced AM colonization by upregulating *MtPT4* expression and decreasing Pb accumulation. The synergistic effect of melatonin and AM symbiosis on plant growth may be because melatonin treatment resulted in a tighter AM symbiotic relationship.

Melatonin Application Induced Antioxidant Response in Mycorrhizal Plants {#S4.SS3}
------------------------------------------------------------------------

The main reason for the negative effect of Pb stress on plant growth is the induction of oxidative injury by excessive Pb in plants. Pb stress affects respiration and blocks the leakage of electron transport chain ([@B46]; [@B24]), which induces the production of reactive oxygen species (ROS). The MDA content was measured to evaluate the levels of oxidative damage in plants ([@B16]). Both melatonin application and AM inoculation protected *M. truncatula* from oxidative injury by decreasing the MDA content. The O~2~^--^/H~2~O~2~ system, which converts ROS into non-toxic molecules, such as H~2~O, by enzymatic reactions, is one of the key elements in the response to oxidative injury. The SOD activity was increased by melatonin application and AM inoculation under Pb stress, which indicated that AM plants to which melatonin was applied have an increased ability to scavenge O~2~^--^ radicals ([@B8]). Excessive H~2~O~2~ in the roots was detoxified by CAT or the AsA-GSH cycle. Melatonin application and AM treatment increased the CAT and APX activities under Pb stress, which indicated that melatonin application and AM inoculation are beneficial for H~2~O~2~ cleavage. Therefore, the synergistic effect of melatonin and AM symbiosis on Pb tolerance may be due to decreased oxidative injury and increased antioxidant enzyme activity.

Finally, several protective molecules, such as proline and flavonoids, participate in heavy metal detoxification ([@B14]; [@B32]). Melatonin application promoted the accumulation of proline and flavonoids under Pb stress, which indicated that melatonin application enhances Pb detoxification in both AM and NM roots. In addition, melatonin application increased proline synthesis via increasing P5CR activity and the relative expression of *MtP5CS* ([@B47]). In *M. sativa*, melatonin application improved drought damage by increasing proline accumulation and synthesis pathway ([@B2]). [@B31] suggested that melatonin application increases antioxidant capacity by increasing SOD, CAT, and POD activity and alleviates leaf senescence by promoting flavonoid biosynthesis. Melatonin application increased phenylalanine ammonia-lyase (PAL) activity to tolerant *Marssonina* apple blotch ([@B56]; [@B1]), suggesting the potential role of melatonin in flavonoid synthesis. Therefore, melatonin application increases antioxidant capacity and Pb detoxification by stimulating the antioxidant response and increasing the accumulation of protective molecules. However, AM inoculation and melatonin application did not have a synergistic effect on proline and flavonoid accumulations. This finding suggested that AM fungi and melatonin application use different methods to increase Pb tolerance. The synthesis of both flavonoids and proline is regulated by salicylic acid ([@B37]; [@B1]). The opposite effects of melatonin application ([@B43]) and AM inoculation ([@B36]) on salicylic acid regulation may account for this result. Certainly, further study should be conducted to determine whether salicylic acid metabolism leads to the interaction between AM symbiosis and melatonin under abiotic stress.

Conclusion {#S5}
==========

To the best of our knowledge, this study is the first to analyze the effect of melatonin on heavy metal stress tolerance in AM plants, providing a new mechanism of Pb tolerance. AM inoculation may stimulate the accumulation of melatonin through the upregulation of *MtASMT* in roots. Melatonin application may inhibit Pb uptake to improve AM symbiosis under Pb stress. AM inoculation and melatonin application had a synergistic effect on host plant growth and Pb stress tolerance. This synergy may be due to improved AM symbiosis, alleviated the oxidative injury, and increased antioxidant enzyme activity. Overall, our results suggest that melatonin application could enhance mycorrhizal plant growth and Pb stress tolerance through stimulating antioxidant response and improving AM symbiosis. The combined use of AM inoculation and melatonin treatment is a potential way to help host plants cope with heavy metal toxicity.
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